The susceptibility of coliform bacteria and bacterial pathogens to free chlorine residuals was determined before and after incubation with amoebae and ciliate protozoa. Viability of bacteria was quantified to determine their resistance to free chlorine residuals when ingested by laboratory strains of Acanthamoeba castellanii and Tetrahymena pyriformis. Cocultures of bacteria and protozoa were incubated to facilitate ingestion of the bacteria and then were chlorinated, neutralized, and sonicated to release intracellular bacteria. Qualitative susceptibility of protozoan strains to free chlorine was also assessed. Protozoa were shown to survive and grow after exposure to levels of free chlorine residuals that killed free-living bacteria. Ingested coliforms Escherichia coli, Citrobacter freundii, Enterobacter agglomerans, Enterobacter cloacae, Klebsiella pneumoniae, and Klebsiella oxytoca and bacterial pathogens Salmonella typhimurium, Yersinia enterocolitica, Shigella sonnei, Legionella gormanii, and Campylobacter jejuni had increased resistance to free chlorine residuals. Bacteria could be cultured from within treated protozoans well after the time required for 99% inactivation of free-living cells. All bacterial pathogens were >50-fold more resistant to free chlorinc when ingested by T. pyriformis. Escherichia coli ingested by a Cyclidium sp., a ciliate isolated from a drinking water reservoir, were also shown to be more resistant to free chlorine. The mechanism that increased resistance appeared to be survival within protozoan cells. This study indicates that bacteria can survive ingestion by protozoa. This bacterium-protozoan association provides bacteria with increased resistance to free chlorine residuals which can lead to persistence of bacteria in chlorine-treated water. We propose that resistance to digestion by predatory protozoa was an evolutionary precursor of pathogenicity in bacteria and that today it is a mechanism for survival of fastidious bacteria in dilute and inhospitable aquatic environments.
The traditional indicator of bacterial pathogens in drinking water has been the presence of coliform bacteria. The increasing spontaneous occurrence of coliforms in chlorinetreated drinking water has generated concern because presently accepted standard chlorine levels are unable to eliminate these and other microorganisms (9, 25, 31) . Parallelling the increases in reported cases of coliform occurrence in chlorinated drinking water has been an increase in the outbreaks of waterborne diseases in the United States (11, 12, 44) .
Recent studies have examined possible causes of coliform and bacterial pathogen survival within distribution systems. These studies question the effectiveness of chlorine disinfection of coliform and pathogenic bacteria on the basis of the responses of these organisms to chemical and physical factors in the environment and within water treatment plants (3, 6, 7, 40) . Several investigators have shown that many coliforms survive standard chlorine residuals as chlorineinjured cells, with subsequent release in distribution systems (45, 46, 50) .
Attachment of bacteria to surfaces and specific growth conditions of bacterial cultures have also been shown to increase chlorine resistance of bacteria. Ridgway and Olson (58) showed high correlations between numbers of viable bacteria in chlorinated water and numbers of bacteria attached to particles. Kuchta et al. (37) have shown a six-to ninefold increase in chlorine resistance of Legionella pneu-mophila grown in low-nutrient tap water compared with that of growth on agar medium. A 150-fold increase in resistance to chlorine by Klebsiella pneumoniae was observed when they were attached to microscope slides (39) . LeChevallier et al. (39) also showed that growth of encapsulated K. pneumoniae in low-nutrient solution increased its resistance to free chlorine and that increased resistance was multiplicative for microscope slide-attached K. pneumoniae grown in low-nutrient conditions.
More recent studies relate the survival of bacteria after chlorine treatment in potable water to their interactions with other organisms within the natural reservoir community.
Interaction of bacteria with invertebrates such as cladocerans, copepods, and protozoa in surface water impoundments is a common phenomenon: ingestion of freshwater bacteria by protozoa and metazoa plays an intregal part in aquatic food chains (13, 19, 52, 53, 62, 69) . Studies of the fate of ingested bacteria during chlorine treatment have shown that coliforms and other bacteria survive within invertebrates isolated from drinking water reservoirs. These studies include the survival of Salmonella typhimuirium, Salmonella uichita, and other pathogenic enteric bacteria within free-living nematodes (8, 27, 65 (2, 16, 20, 21) . Temperature and bacterial type may determine digestion rates and survival, and survivorship of bacteria in protozoa often correlates with bacterial pathogenicity (20, 63) . There are also reports of endocytobiotic relationships of bacteria in ciliates and flagellated algae (28) . These relationships also include cytoplasmic and endonuclear colonization of protozoa by bacteria (23, 24, 50, 51, 55, 56) . Studies in our laboratory have shown a similar phenomenon with freshwater-fish bacterial pathogens ingested by the protozoan Tetrahymena pyriformis (35) . Protozoa have been isolated from reservoirs used for drinking water as well as from drinking water distribution systems (10, 33, 34, 49) and are considered major bacteriovores in freshwater ecosystems (52, 54, 55 (17) . Cells were incubated for 48 h in 100-ml glass jars to achieve sufficient concentrations. Gross viability was determined by microscopic observation of ciliate movement and/or cellular locomotion.
Protozoa used in disinfection experiments were gravity filtered by using 0.8-,um-pore-size membrane filters (Millipore Corp., Bedford, Mass.) to remove culture broth as previously described (21) . Cells were suspended in a 1:1 dilution of culture broth and CDFB and were incubated at 25°C for 24 h to reduce the effects of medium changes and subsequent osmotic shock to the protozoa. This procedure also prevented cyst formation when amoebae were transferred into coculture suspensions. After 24 h, the cells were again filtered as described above, washed three times in CDFB, and resuspended in fresh CDFB. Protozoan cells were enumerated by using a hemacytometer after addition of a drop of 37% formaldehyde to a 1-ml portion of the cell suspension and were adjusted to an experimental concentration of 104 cells per ml. Cyst forms of amoebae were not included in cell or viability counts.
An environmental isolate of the ciliate Cyclidium sp. was established in culture in our laboratory for use in chlorine disinfection assays with coliform bacteria. It was isolated from water samples collected from the upper Oconee river, Athens, Ga., from water entering the water-intake valves of the J. J. Beacham Water Filtration Plant. The samples were examined initially for viable protozoa, transferred as 1:1 dilutions in saline solution containing nutrient agar blocks, and incubated at 22°C (4). Samples were observed over a 7-day period for the isolation of a dominant protozoan species. Unispecific cultures of a Cyclidium sp. (41) To allow for sufficient ingestion of the bacteria by the protozoa, cocultures containing ciliates were incubated for 60 min at 25°C, while cocultures containing amoebae were incubated for 180 min at 25°C. Amoeba-coliform cocultures were continuously shaken during incubation at slow rotations on a model G-2 Gyrotory shaker (New Brunswick Scientific Co., Inc., Edison, N.J.).
All protozoan-bacterium cocultures were established in CDFB washed sterile glass jars. Each protozoan culture established in CDFB was initially streak plated on mT7 agar and BAP to test for bacterial contamination before use in cocultures. Bacterial streak plates of cocultures were also prepared in this manner to show bacterial purity during engulfment incubation and the disinfection portion of each experiment. Bacterial CFU were monitored at the beginning of coculture preparation and prior to disinfection assays.
Preparation of chlorine assays. All glassware used for chlorine assays involving the treatment of bacteria and bacterium-protozoan cocultures was made chlorine-demandfree by soaking with a 1 mg/liter NaOCI solution, rinsing with CDFB, and drying. Stock chlorine solutions were prepared from a 5% solution of laboratory-grade sodium hypochlorite (Aldrich Chemical Co., Inc., Milwaukee, Wis.). All chlorine test solutions were made by dilution of chlorine stock solutions into CDFB. CDFB was prepared (1) and was considered chlorine-demand-free and suitable for use when the chlorine concentration was <0.01 mg of free available chlorine per liter.
Total chlorine residuals in all stock solutions were determined with a model 97-70 residual chlorine electrode (Orion Research, Inc., Cambridge, Mass.). Free available chlorine in the test solutions (immediately before and after timed experiments) was determined by the N,N-diethyl-p-phenylenediamine colorimetric method (1). Chlorine quality control samples (obtained from the U.S. Environmental Protection Agency Environmental Monitoring and Support Laboratory, Cincinnati, Ohio) were used for calibration of the spectrophotometer by using A515 readings. All chlorine solutions above 4 mg/liter were measured by dilution of the residual chlorine concentration to an approximate dilution of >4 mg/liter; subsequent readings were performed as described above.
Experimental procedures. All bacterial disinfection experiments were performed with 24-h cultures of bacteria. The bacteria were harvested and enumerated in CDFB as described above. The standard assays for coliform disinfec- with an exposure period of 1 min. Chlorine was then neutralized with a sterile 1% solution of sodium thiosulfate (Sigma), and suspensions of bacteria were enumerated. To test the effect of sodium thiosulfate on the bacterial and protozoan isolates in the disinfection experiments, timed experiments with these isolates in pure sodium thiosulfate solutions and neutralized chlorine controls (1 mg of free chlorine neutralized with sodium thiosulfate per liter) were done. Current literature documents the effectiveness of free chlorine residuals on axenic cultures of Legionella sp. and C. jejuni (5, 22) .
Axenic cultures of each protozoan isolate were treated with free chlorine residuals to test for survivorship in chlorine solutions. Each isolate was prepared and enumerated in CDFB as described. Assays consisted of inoculating 2-ml portions of 103 to 104 cells per ml into 19 ml of chlorine solution (0.5 to 20 mg of free available chlorine per liter). CDFB containing no disinfectant served as a control for survival of protozoans in experimental manipulations. Disinfectant contact times for each dilution were 30-, 60-, 120-, and 180-min periods and 24-h periods.
At the end of the specified contact periods, 1 ml of test suspension was removed and neutralized. The cells were concentrated by centrifugation at 1,240 x g for 5 min (25°C) to remove the neutralized chlorine solution and resuspended in 1 ml of fresh culture medium. Protozoan viability was monitored by microscopy every 24 h for 7 days.
Coculture disinfection experiments were designed to expose extracellular bacteria to lethal doses of chlorine residuals and to prevent disruption of protozoan cells containing ingested bacteria. These experiments consisted of inoculating 2 ml of coculture suspension into 19 ml of chlorine dilutions of 0.5, 1.0, 2.0, 4.0, 10, and 20 mg of free available chlorine per liter. Contact times were 60, 120, and 180 min and at 24 h.
CDFB without disinfectant was used as a control to monitor initial numbers of bacteria (CFU) after 1 h of incubation with protozoa to include the reduction in the number of bacteria by protozoan digestion. These solutions also served as controls for the density of bacteria during the exposure times of 60, 120, and 180 min and 24 h under chlorine-free conditions.
The environmental Cyclidium sp. strain (in unispecific culture with a Pseudomonas sp.) was prepared in culture with the lactose-positive strain of E. coli in a 1% solution of CDFB-rye cerophyl broth and incubated at 25°C for 1 h. This culture was then exposed to free chlorine residuals by increasing the dosage of the free available chlorine to achieve a residual of approximately 0.5, 1.0, 2.0, and 4.0 mg of free available chlorine per liter. E. coli were monitored as yellow colonies (indicating lactose utilization) on mT7 agar during enumeration.
At the end of each chlorine exposure period of all cocultures, chlorine residuals were quantified and 2 ml of each suspension was removed and neutralized. The neutralized solutions were examined by microscopy for viable or intact ciliate and amoeboid cells and then sonicated for 10 s at 40W by using a sonicator with a microtip probe (Heat-SystemsUltrasonics, Inc., Farmingdale, N.Y.). This procedure disrupted protozoan cells but left bacteria intact. The lysed cell suspensions were then plated and enumerated on mT7 agar and monitored for 7 days for any slow-growing colonies resulting from chlorine injury to the bacteria. Subsamples of coculture suspensions were sonicated, chlorinated, and neutralized to serve as controls to confirm the bactericidal action of the chlorine residuals in the coculture disinfection assays.
Statistical comparisons. All Agar pieces were washed in distilled water and dehydrated in a graded ethanol series culminating in absolute acetone. Dehydrated agar was then infiltrated with Spurr resin (66), polymerized, thin sectioned, and mounted on grids. Poststaining involved lead citrate and methanolic uranyl acetate, and grids were examined with a JEOL 100-S transmission electron microscope. Ultrastructure of phagocytic and digestive processes in protozoa was determined by comparisons with previous works (16, 17, 48) . Cryofractured specimens of cocultures were prepared by using the ethanol-cryofracture techniques (32) and viewed with a Philips 505 scanning electron microscope.
RESULTS
The initial studies of the exposure of protozoa and bacterial isolates to sodium thiosulfate (1%) and neutralized chlorine residual showed no inhibition of any isolate compared with exposure to CDFB under the same conditions (pH 7.0, 25°C, 60 min). CDFB was used as a control to monitor nonspecific cell death of the bacterial isolates and osmotic shock to the protozoan isolates. These controls allowed direct interpretation of the effects the free chlorine residual had on the isolates alone and in coculture. Chlorine demand produced by the inoculation of coculture suspensions into chlorine residuals was measured and compensated for by increasing chlorine residuals to desired concentrations.
Coliform disinfection assays for all strains obtained from coliform outbreaks showed similar responses to free chlorine residuals (Table 1 Coculture disinfection assays were designed to expose all organisms in the coculture to concentrations of free chlorine residuals that would inactivate uningested bacteria with protozoa at the exposure times studied. The presence of intact protozoan cells in test suspensions prior to sonication was validated throughout the disinfection assays. Increasing dilutions of initial free chlorine residuals (above that shown to provide 99% inactivation of bacteria [ Table 1 ]) were used in these studies to monitor the effects of chlorine on intracellular bacteria. The exposure times were increased to 1, 2, 3, and 24 h to allow for sufficient absorption of chlorine by protozoa and to monitor the cocultures for any increase in the bacterial concentrations originating from growth of intracellular bacteria that had survived chlorine residual treatment and/or ingestion by the protozoa.
To examine the differences of protozoan impact on coliform resistance to various free chlorine residuals, coliforms were cocultured with two different types of protozoa (ciliates and amoebae). Coliforms in coculture with T. pyriformis and A. castellanii showed various differences in times required for 99% inactivation at each chlorine residual concentration (Fig. 1) . All coliform isolates required more than 40 min for inactivation in free available chlorine (0.5 mg/liter) (pH 7.0, 25°C) when ingested by either protozoan. Each coliform survived free chlorine residual concentrations of 2 to 4 mg/ liter (pH 7.0, 25°C) in coculture with each protozoan. 99% inactivation of K. pneumoniae in coculture with A. castellanii by free chlorine at 10 mg/liter (pH 7.0, 25°C) was accomplished only after 120 min.
All of the CT99 curves for the ingested coliforms in Fig. 1 conformed to a nonlinear fit except that for K. oxytoca ingested by T. pyriformis. This indicated that increasing free chlorine residuals did not have a linear effect on the time required for disinfection of the ingested bacteria. Shoulders in these curves indicated a lag phase of inactivation up to a certain free chlorine residual followed by a linear or nonlinear decrease in the time required for 99% inactivation of each bacterium. With the exception of E. coli, coliform resistance to free chlorine was highest when associated with amoeboid cells prior to chlorine exposure. Many of the coliform isolates increased in numbers above their initial concentrations after chlorine treatment and incubation for 24 h with both protozoan isolates (data not presented).
Comparisons of the average time required for inactivation 3026 KING ET AL. of each coliform during exposure to all free chlorine residuals tested (0.5 to 10 mg/liter) revealed similar differences (as shown above) when associated with either protozoan (Table  2) . Chlorine resistance was significantly (P < 0.05) higher for Citrobacter freundii, E. agglomerans, and K. pneumoniae when associated with A. castellanii compared with cocultures of these species with T. pyriformis. Average E. coli chlorine resistance was approximately equal when the organism was associated with either T. pyriformis or A. castellanii under all free chlorine exposures tested, and the overall chlorine resistance of all coliforms was always higher when associated with amoebae than it was when associated with ciliates. Electron microscopic studies were performed to show bacterial ingestion by the protozoa during coculture incubations and to confirm the presence of bacteria inside cells after chlorine treatment and prior to sonication. These studies also indicated possible induced parasitic relationships between coliforms and protozoa through comparisons with other studies showing ingestion and digestion of intracellular bacteria.
Most ciliates in the coculture incubations were highly vacuolated compared with amoeboid cells, which contained fewer vacuoles. Thin sections of T. pyriformis cells in coculture with Citrobacter freundii were prepared fron neutralized test suspensions and showed cells containing bacteria within vacuoles that had appeared to become loosefitting around the bacteria (Fig. 2) . Most amoebae in coculture with each coliform isolate appeared to contain one to three bacteria per vacuole (Fig. 3) . A higher magnification of a T. pyriformis cell showed E. coli in vacuoles undergoing various stages of digestion within what appeared to be disrupted vacuole membranes after 2 h of incubation in free chlorine residual at 1 mg/liter (Fig. 4) . This was typical of The freshwater ciliate Cyclidium sp. was used to compare chlorine resistance of T. pyriformnis-associated E. coli with that of a recently isolated environmental protozoan and to show that the laboratory strains of protozoa were not more resilient under free chlorine exposure than environmental strains. Comparisons of time required for inactivation of E. coli in all free chlorine residuals showed no significant (P > 0.05) difference when this coliform was associated with either ciliate, although average times required for 99% inactivation were higher for E. coli when it was associated with the Cyclidium sp. (107.75 + 42.43 min) than when associated with T. pyriformis (64.19 + 1.33 min) . The environmental Pseudomonas sp. strain was also recovered in many of the disinfection assays of E. coli-Cyclidium sp. cocultures.
Chlorine resistance of the pathogenic bacterial isolates was enhanced when they were associated with T. pyriformis. The time required for 99% inactivation of Shigella sonnei, Y. enterocolitica, S. typhimurium, L. gormanii, and C. jejuni was greatly increased when these bacteria were ingested by T. pyriformis (Fig. 5) . Shigella sonneii had the highest resistance to all free chlorine residuals at <4 mg of free chlorine per liter (pH 7.0, 25°C). C. jejuni had the lowest chlorine resistance but was still 20-fold more resistant to free chlorine at 4 mg/liter (pH 7.0, 25°C) when ingested by T. pyriformis. All bacterial isolates were 50-fold (over axenic disinfection assays) more resistant to exposure to free chlorine residual at 1 mg/liter (pH 7.0, 25°C) when associated with this protozoan.
DISCUSSION
The results of this study show that coliforms and pathogenic bacteria have increased resistance to free chlorine residuals when ingested by protozoa. All free-living bacterial isolates used in this study were inactivated within 1 min by exposure to .1 mg of free chlorine residual per liter (pH 7.0, 25°C). These results are in agreement with those of other studies that show the effects of free chlorihe on coliforms and enteric pathogens (8, 29, 36) . Legionella and Campylobacter spp. have also been shown to be inactivated by free chlorine residual at 1 mg/liter (5, 22) .
The coculture incubation periods were regulated to achieve maximum ingestion of the coliforms before chlorination. Under similar experimental conditions, the ciliate Tetrahymena spp. had maximum particle uptake by 1 h when in continuously exposed culture (60) , and common amoebae ingested up to 60% of particles after the first hour (61) . Thus, ciliates were cocultured for 1 h and amoebae were cocultured for 2 h. When the coliform and pathogenic bacterial isolates were ingested by ciliates and/or amoebae, they were afforded between 30-and 120-fold-increased resistance to VOL. 54, 1988 the same chlorine residuals. These bacterial isolates were shown to survive free chlorine residuals of 2 to 10 mg/liter when they were inside protozoa, which is well above the 1 mg of free chlorine residual per liter shown to be 99% bacteriocidal to all free-living isolates studied.
The CT99 curves in Fig. 1 showed variable results in the effects of increasing concentrations of free chlorine residual on the time for 99% inactivation of ingested coliforms. K. oxytoca were linearly affected by increasing concentrations of free chlorine residual when ingested by A. castellanii, whereas the other coliforms were not. This showed that there was no predictable effect of increasing chlorine residual on the basis of the slope of the curves. This was best shown by the ingested coliform E. agglomerans (ingestion by either protozoan [ Fig. 1]) , in which free chlorine residuals at >4 mg/liter did not decrease the time required for 99% inactivation. These variabilities could be caused by differences in the digestibility of the bacterial isolates by the protozoa prior to and during chlorine exposure as well as the rates of chlorine diffusion into the protozoan cells during the treatment.
Electron microscopic preparations and subsequent ultrastructural studies of each chlorinated coculture suspension confirmed the presence of undigested bacterial cells inside A. castellanii and T. pyriformis for as long as 24 h after initial chlorine exposure. The digestive cycle for most amoebae is between 1 and 4 h for full elimination of ingested materials (38) . Drozanski (15) has reported that the physiological state of A. castellanii has a pronounced effect on the lysosomal hydrolase activity and that it could be important for the intracellular digestion of engulfed food particles. The exposure of A. castellanii to free chlorine residuals may have resulted in a physiological change and consequently allowed otherwise digestible bacteria to survive intracellular digestion.
Nilsson (48) has reported that the digestive cycle of T. pyriformis requires up to 2 h and that undigested materials 3030 KING ET AL.
BACTERIAL SURVIVAL INSIDE PROTOZOA DURING CHLORINATION (e.g., bacteria) are expelled after this time. In our study, it was taken into account that bacteria were not required to parasitize the protozoa to survive ingestion and free chlorine exposure and that they could be released by protozoa after chlorination. Surviving bacteria (not showing any evidence of parasitizing the protozoa but increasing in numbers within the coculture suspension) were probably expelled from T. pyriformis and the Cyclidium sp. and reingested by other protozoa during the longer chlorine assay incubations. This would indicate that protozoa are capable of ingesting bacteria during exposure to free chlorine residuals commonly reported in distribution pipelines (0.5 mg of free chlorine per liter), a phenomenon which could be an important mechanism by which bacteria survive chlorine exposure and become released into distribution systems. In this study, Citrobacter freundii, E. agglomerans, and K. pneumoniae were significantly more resistant to free chlorine residuals when ingested by amoebae ( Table 2) . Feely et al. (18) demonstrated that Giardia microti cysts contained intracellular bacteria, and DeJonckheere and Vande Voorde (14) showed that an Acanthamoeba sp. could survive chlorine exposure through the production of cysts.
The increasing incidence of waterborne Giardia outbreaks in chlorinated drinking water due to the formation of cysts suggests that the survival of bacteria within cysts of Giardia spp., Acanthamoeba spp., and other protozoa capable of cyst formation might be an important mechanism by which many bacteria can survive chlorine residuals in treatment plants.
Cocultures of K. pneumoniae, E. agglomerans, and Citrobacter freundii isolates with T. pyriformis exhibited only a 20% decrease in the initial inoculum after the 1-h incubation for ingestion of the bacteria. Concentrations of all other bacteria in coculture with T. pyriformis or A. castellanii were not only unaffected by protozoan ingestion but also enhanced in the CDFB controls to levels well above those observed in axenic culture incubations. These results are similar to previous reports (21, 35) from our laboratory that show the enhancement of L. pneumophila, Aeromonas salmonicida, and Edwardsiella tarda when cocultured with T. pyriformis.
Our studies on the intracellular survival of L. gormanii within T. pyriformis are relevant to current reports of the observation of Legionella spp. within water distribution systems. The L. gormanii strain that we used in this study was previously shown to multiply within T. pyriformis, and this association with the protozoan correlated with its virulence in guinea pigs (20) . In our studies, this same isolate survived free chlorine residuals at up to 4 mg/liter when inside T. pyriformis. With increasing numbers of reported observations of survival and multiplication of L. pneumophila in municipal drinking water systems (67, 68) and reports of the intracellular multiplication of L. pneumophila in amoebae isolated from hospital hot water tanks (B. S. Fields, G. N. Sanden, J. M. Barbaree, W. E. Morrill, R. M.
Wadowsky, E. H. White, and J. C. Feeley, manuscript in preparation), it is possible that Legionella spp. that have survived chlorine residuals within protozoa are one source of this pathogen in these distribution systems.
Chlorine disinfection of the protozoa in this study revealed that both ciliates and amoebae could withstand free chlorine residuals of 4 and 10 mg/liter (pH 7.0, 25°C), respectively, when chlorine was neutralized and cells were allowed to incubate in culture medium. Many of the ciliates and amoebae were still motile in chlorine solutions with lower residual concentrations after 30 to 60 min of exposure. Haas et al. (26) showed that vegetative T. pyriformis were more sensitive to inactivation by monochloramine than were E. coli. Their work showed quantitative inactivation studies of this protozoan in CDFB as assayed by direct microscopic examination and enumeration of motile and nonmotile cells after exposure to the chlorine residuals. In the present study, we show that, although the protozoa may appear inactivated in the test suspension (as indicated by ciliatory beating, motility, or cytoplasmic streaming in the protozoa), subsequent inoculation into culture medium allows for the rejuvenation of the chlorine-injured cells.
The observations of whole cells in all chlorine assays and the recovery of viable protozoa after chlorine treatment may be related to reports of microbial communities consisting of algae, protozoa, and bacteria within distribution pipelines (34, 42, 57) . These studies suggest that organisms which survive chlorination are capable of growth within distribution systems.
This study demonstrates that protozoa commonly found in rivers, lakes, and drinking water reservoirs may act as "refugia" for bacteria (both environmental and pathogenic) from chlorination in treatment plants. Additional protection of engulfed bacteria from chlorination and other changing environmental conditions, such as desiccation, osmotic stress, and high temperatures, may be conferred by the encystment of such protozoa as Acanthamoeba, Naegleria, and Giardia spp. Further, we have shown that pathogenic bacteria ingested by protozoa can survive digestion and may receive nutrient enrichment within the protozoan, either by uptake of nutrients released within the vacuoles or by proliferation within the protozoan cells (21, 35 ). These enriched bacteria can then be maintained in great abundance within or upon release from the protozoan cells. The internal environment of the protozoans apparently provides a nutrient-rich and protective microenvironment for vulnerable and fastidious bacteria in otherwise inhospitable aquatic environments. The protozoan-bacterium association may be essential for the maintenance of some pathogens in nature and a reason for the occurrence of nonculturable forms in the absence of protozoa. We propose that the survival and enhancement of bacteria upon ingestion by protozoa is another survival strategy (59) of bacteria in the natural environment.
The correlation of virulence with Legionella strains found to survive and be enhanced by protozoan ingestion (21, 22) suggests that the ability to survive ingestion by protozoans may be a preadaptation for the invasion of human and other higher animal host cells. The mechanisms involved in inhibiting digestion within the protozoan food vacuole and proliferation within the protozoan cell may be similar to those involved in inhibiting consumption by macrophages during infection of host cells (30) . We propose this coevolutionary interaction within the protozoan-bacterium predator-prey systems as an ecologic and/or evolutionary model for the development and persistence of pathogenicity in bacteria. The intracellular survival of some bacteria in freshwater protozoa may be a natural phenomenon that these organisms use for surviving the often substrate-limiting conditions of aquatic ecosystems. These and other studies on the interactions of pathogenic bacteria with protozoa in which pathogens are enhanced by protozoan association show that there is a need for further research on microbial food web interactions in aquatic ecosystems because of potential impact owing to their possible influence on public health. VOL. 54, 1988 3031
